Co-culture systems of lactic acid bacteria and yeasts for bioproduction are described with two typical examples. A novel control method exploiting microbial interaction in the co-culture system is introduced as the first example. In order to control pH in an antimicrobial peptide (nisin) production process by Lactococcus lactis subsp. lactis (ATCC 11454), microbial interaction between L-lactate production by L. lactis and its assimilation by Kluyveromyces marxianus was utilized. A cascade pH controller coupled with DO control was newly developed and the specific lactate consumption rate of K. marxianus was controlled by changing the dissolved oxygen (DO) concentration. pH and lactate were kept at constant levels and nisin accumulated in medium to high levels, compared with other pH control strategies, such as processes without pH control and with pH control by addition of alkali. The second example is polysaccharide kefiran production by co-culture of Lactobacillus kefiranofaciens and Saccharomyces cerevisiae. Productivity of kefiran was increased in the co-culture system of S. cerevisiae under an aerobic condition. Not only the effect of removal of lactic acid but also the additional effect of S. cerevisiae are discussed through the simulation of the system.
In order to study the interaction of these microorganisms to maintain high nisin production, the kinetic parameters of both microorganisms, including specific growth rate and the specific produc- equipped with temperature, pH, dissolved oxygen concentration (DO) and gas flow control systems. The working volume was 2 L. Air or nitrogen was supplied to the fermenter for aerobic or anaerobic cultivation conditions, respectively. The cascade control strategy was applied in order to control the pH level via DO control by manipulating the agitation speed. The control strategy and inoculum conditions in the co-culture are described below. Nisin production under anaerobic condition with pH control by addition of alkali is shown in Fig.  3 . The cell concentration and nisin concentration under anaerobic conditions at pH 6.0 increased during cultivation to a greater extent than without pH control; however, the specific growth rate, /2 L, decreased after 5 h, and the nisin production reached a maximum value of 58 mg/L. 
Aerobic culture of L. lactis
The aerobic cultivation of LAB is not common but the aerobic growth and production of lactate by some species has been reported 12) , For lactate to be effectively assimilated by K. marxianus, aerobic conditions must be used. Hence growth of L. lactis under aerobic culture conditions was investigated. pH and DO were maintained at 6.0 (by addition of NaOH) and 2.0 mg/L, respectively. The kinetic parameters under the aerobic condition were similar to the anaerobic values.
2.5 Aerobic fermentation of K. marxianus The specific lactate consumption rate of K. marxianus was'determined under aerobic conditions. The effect of DO concentration on the rate of lactate consumption is shown in Fig. 4 . The maximum specific rate of lactate consumption of K. marxianus v L ), was about 0.7 g/g-cell/h, which was greater than the maximum specific rate of lactate production of L. lactis under aerobic conditions. Thus, it was expected that lactate produced by L. lactis could be completely consumed by K. marxianus. The v L decreased linearly as DO decreased in the range below 2 mg/L as shown in Fig. 4 . When the lactate concentration was expected to decrease, the DO level should. increase thereby enhancing the specific rate of lactate consumption of K. marxianus. On the other hand, when the lactate concentration was expected to increase, the DO level should decrease thereby attenuating the specific rate of lactate consumption of K. marxianus. When the pH value decreased below the set point at around 3 h, the RDO increased. As a result, L recovered and pH was increased again at around 4 h by decreasing the lactate concentration. By changing the RDO, the pH was reliably and accurately controlled at the set point of 6.0. cerevisiae under anaerobic and aerobic conditions were performed.
Strains and medium for kefiran production
For the co-culture, L. kefiranofaciens JCM 6985
and S. cerevisiae IFO 0216 were used. The composition of YP medium for seed culture and preculture of yeasts consisted of 1% DL-lactic acid (Wako), 1% polypeptone (Wako), and 1% yeast extract (Difco), pH 5.
3.2 Co-cultivation method in kefiran production Seed culture of yeast was inoculated into 10 mL of YP medium and incubated on a reciprocal shaker (120 strokes/min) at 30°C for 24 h. Preculture of yeast was performed in two of 500-mL Erlenmeyer flasks with 100 mL of YP medium and 1 mL of the seed medium. After 2 days, the cells were collected by centrifugation at 7,500 rpm cerevisiae was slightly decreased. There was no difference in the amounts of . L. kefiranofaciens and broth kefiran at the final fermentation time between the pure culture and the co-culture. However, capsular kefiran production was enhanced in the co-culture. The time required to reach the maximum concentration of total kefiran was._ shortened from 100 h to 75 h in the mixed culture. Therefore, the kefiran production rate was calculated to be 36 mg LTh-1 in the mixed culture, which was higher than that in the pure culture (24 mg h-'). Low production of glucose and a slight decrease in the concentration of DL-lactic acid in the mixed culture, compared with those in the pure culture were also observed. Glucose and DL-lactic acid might be consumed by S. cerevisiae during mixed cultivation.
Under aerobic condition Figure 9 shows the comparison of the experimental results of the mixed culture under the aerobic condition with those of the pure culture. S. cerevisiae grew well under the aerobic condition until 40 h. Even though the DO level was controlled at 5% of saturation by changing the agitation speed and air flow-rate, the DO concentration became quite low (almost zero) during fermentation due to the consumption by the higher yeast concentration and the limit of the apparatus. In the aerobic co-culture, the stimulation of growth and kefiran production of L. kefiranofaciens by . S.
cerevisiae began in the early exponential growth phase, and because of a high cell concentration of L. kefiranofaciens in this phase the production rate of kefiran became significantly high at the end of this phase; however, this did not result in an increase in the amount of total kefiran production. Nevertheless, the time required to reach the maximum concentration of total kefiran was shortened from 100 h to 54 h. Therefore the kefiran production rate was 44 mg Li! h-1 in the aerobic coculture, which was two-fold greater than that in the pure culture. Neither glucose nor galactose was found in the medium. The DL-lactic acid concentration was reduced to 63 g L-1, which was half of that in the pure culture. The DL-lactic acid concentration did not change after 54 h, because the depletion of the nitrogen source forced the cessation of growth-associated DL-lactic acid consumption by S. cerevisiae. Figure 9 Mixed culture of L. kefiranofaciens and S. cerevisiae with pH control (•) compared to pure culture (0) under aerobic condition. Triangles represent capsular kefiran concentration in mixed culture (A) and pure culture (Li). For the last graph of the figure, circles and squares represent galactose and glucose concentrations, respectively in mixed culture (0, 1) and pure culture (0,0). 
